Background: To investigate differences in pathogenesis, diagnosis and resistance pathways between HIV-30 1 subtypes, an accurate subtyping tool for large datasets is needed. We aimed to evaluate the perfor-31 mance of automated subtyping tools to classify the different subtypes and circulating recombinant forms 32 using pol, the most sequenced region in clinical practice. We also present the upgraded version 3 of the 33 Rega HIV subtyping tool (REGAv3). (REGAv2), REGAv3, and SCUEAL. The performance of these tools, for pol, and for PR and RT separately, 39 was compared in terms of reproducibility, sensitivity and specificity with respect to the gold standard 40 which was manual phylogenetic analysis of the pol region.
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34
Methodology: HIV-1 pol sequences (PR + RT) for 4674 patients retrieved from the Portuguese HIV Drug 35 Resistance Database, and 1872 pol sequences trimmed from full-length genomes retrieved from the 36 Los Alamos database were classified with statistical-based tools such as COMET, jpHMM and STAR; sim-37 ilarity-based tools such as NCBI and Stanford; and phylogenetic-based tools such as REGA version 2 38 (REGAv2), REGAv3, and SCUEAL. The performance of these tools, for pol, and for PR and RT separately, 39 was compared in terms of reproducibility, sensitivity and specificity with respect to the gold standard 40 which was manual phylogenetic analysis of the pol region.
41
Results: The sensitivity and specificity for subtypes B and C was more than 96% for seven tools, but was 42 variable for other subtypes such as A, D, F and G. With regard to the most common circulating recombi-43 nant forms (CRFs), the sensitivity and specificity for CRF01_AE was $99% with statistical-based tools, 44 with phylogenetic-based tools and with Stanford, one of the similarity based tools. CRF02_AG was cor-45 rectly identified for more than 96% by COMET, REGAv3, Stanford and STAR. All the tools reached a spec-46 ificity of more than 97% for most of the subtypes and the two main CRFs (CRF01_AE and CRF02_AG). (Hemelaar et al., 2011) , while subtype C is causing nearly half of 71 global infections, followed by subtype A with 12% of global 72 infections (Hemelaar et al., 2011) . In addition, infections with and Central Africa, CRF01_AE (5% global infections) is more fre-79 quent in South and East Asia (Hemelaar et al., 2011) . Additionally, 80 CRF06_cpx has been identified in West Africa and some European 81 countries, BC recombinants such as CRF07_BC are frequent in 82 China, and BF recombinants, particularly CRF12_BF, prevail in 83 Brazil and Argentina (Hemelaar et al., 2011) . 84 Due to the fast pace of evolution and frequent recombination of 85 HIV-1 (Jetzt et al., 2000; Mansky and Temin, 1995) , accurate sub- (Abecasis et al., 2006; Brenner et al., 96 2006; Camacho and Vandamme, 2007; Martinez-Cajas et al., 97 2008; Wainberg and Brenner, 2010) . However, it is often difficult 98 to compare epidemiological and clinical impact studies since dif-99 ferent subtyping methods are used and the classification of HIV-1 100 clades frequently seems to differ according to the method em-101 ployed (Hue et al., 2011). 102 Although the gold standard for classification of HIV-1 is based on 103 phylogenetic analysis of full-length genome sequences (Robertson 104 et al., 2000) , this method is not widely used in clinical settings.
105
Since most available data are derived from genotypic assays for 106 resistance to PR and RT inhibitors and this region has proven to con-107 tain enough phylogenetic signal (Snoeck et al., 2002) , manual phy-108 logenetic analysis (MPhy) on pol region can be safely used to 109 identify subtypes (Pasquier et al., 2001; Yahi et al., 2001 (Rozanov et al., 2004) , Stanford (Liu and Shafer, 2006), Geno2-115 pheno (Beerenwinkel et al., 2003) (Robertson et al., 2000) . The algorithms used in earlier ver-130 sions of REGA have been previously described (Abecasis et al., 131 2010; de Oliveira et al., 2005) . REGA subtyping tool version 2 (RE-132 GAv2) had a high number of unassigned sequences, in part because 133 of the limited number of CRFs included in the reference dataset 134 (Holguin et al., 2008) , and the philosophy to achieve a high speci-135 ficity at the cost of sensitivity. (Thompson et al., 1994) and, if needed, the alignment was mini-219 mally edited with BioEdit (Hall, 1999 
224
Such method has been proven useful for subtyping (Gouy et al., 225 2010; Posada and Crandall, 2001) , and it saves computation time.
226
A query sequence was assigned to a particular clade if it clustered 227 monophyletically inside that clade with bootstrap support >70% 228 (Hillis and Bull, 1993; Pasquier et al., 2001; Yahi et al., 2001 this case GTR + I + C) (Posada, 2008; Tamura et al., 2011) . If the (Hillis and Bull, 1993; Schmidt et al., 2002), 255 otherwise the fragment was called unclassified (U) (Robertson 256 et al., 2000) .
257
The analyzed region for CRF01_AE and CRF14_BG is lacking a 258 recombination breakpoint. We considered the pol region in the 259 LANL dataset as correctly assigned to these two CRFs, since that To assess the reproducibility, we created a random subset of 295 100 sequences extracted from the clinical and LANL datasets that 296 contained pure subtypes and CRFs and then ran this dataset 10 297 times with each tool (see fig. 1 ). The reproducibility was, by defini-298 tion, the percentage of times the same results were obtained when 299 a subtyping tool was used 10 times on the same sequence, then the 300 average of these percentages was calculated for the 100 sequences 301 (Banoo et al., 2010 ing to the quality assessment criteria (Rhee et al., 2006) . The distri-316 bution of subtypes in the datasets is shown in Tables 1-3 Tables 1-3, supplementary material Table 3 ). How-367 ever, the absence of a recombination breakpoint in the pol region 368 makes the classification of this CRF challenging by the subtyping 369 tools (see Fig. 2 ) (Carr et al., 1996) CRF13_cpx and both sequences of CRF27_cpx, respectively. On Table 1 Performance of statistical-based subtyping tools.
The sensitivity (Sens) and specificity (Spec) are reported for statistical-based tools. The values with 100% of performance are highlighted in dark gray; the values with more than 90% of performance are colored in light gray.
⁄ The values for G and CRF14_BG are based on the LANL dataset only. These subtypes of CRFs only were available in the LANL dataset.
à The 1571 sequences G and CRF14_BG of the clinical dataset were pooled as a single category. Abbreviations: n: sample, cpx: complex, LANL: Los Alamos dataset, NA: Not applicable, URF: Unique recombinant form.
Table 2
Performance of similarity-based subtyping tools.
The sensitivity (Sens) and specificity (Spec) are reported for similarity-based tools. The values with 100% of performance are highlighted in dark gray; the values with more than 90% of performance are colored in light gray.
⁄ The values for G and CRF14_BG are based on the LANL dataset. These subtypes of CRFs only were available in the LANL dataset. The 1571 sequences G and CRF14_BG of the clinical dataset were included in the total. Abbreviations: n: sample, cpx: complex, LANL: Los Alamos dataset, NA: Not applicable, URF: Unique recombinant form.
A. safely assign CRFs that lack a breakpoint in the here analyzed pol re-420 gion (see Fig. 2 ) (Delgado et al., 1999 CRF14_BG.'' The sensitivity was above 99% for NCBI and REGAv3, Table 3 Performance of phylogeny-based subtyping tools.
The sensitivity (Sens) and specificity (Spec) are reported for phylogenetic-based tools. The values with 100% of performance are highlighted in dark gray; the values with more than 90% of performance are colored in light gray.
⁄ The values for G and CRF14_BG are based on the LANL dataset. These subtypes of CRFs only were available in the LANL dataset.
à The 1571 sequences G and CRF14_BG of the clinical dataset were included in the total. Abbreviations: n: sample, cpx: complex, LANL: Los Alamos dataset, NA: Not applicable, URF: Unique recombinant form, REGAv3: REGA subtyping tool version 3, REGAv2: REGA subtyping tool version 2, URF: Unique recombinant form.
464
followed by COMET, jpHMM, and REGAv2 with more than 98% 465 while specificity was around 99% for all the tools. html. The dashed lines delineate the region that is used for resistance testing and for the current performance analysis. The CRF01_AE and CRF15_01B are entirely subtype A in the pol gene, similarly CRF14_BG and CRF43_02G are entirely subtype G in this region. This complicates the identification since it is difficult to discriminate the parent pure subtypes from the CRFs in geographic areas where the CRFs originated. (B) An example analysis by SCUEAL. The query sequence of the genomic region pol has no evidence of recombination and it clusters with CRF15_01B. However, this pol gene is from a full-length genome sequence assigned as CRF01_AE. It is possible that it concerns here a CRF01_AE that was very closely related to the founder of CRF15_01B. (C) An example analysis by REGAv3. The query sequence is the pol region trimmed from a fulllength genome sequence assigned as CRF14_BG. In the pure subtype analysis it has a high support with subtype G and in the CRF analysis it has a high support with CRF14_BG. The algorithm classified it as G. This might be due to the fact that the sequence did not cluster reliably within the CRF14_BG clade. (D) Example of the assignment ''complex'' by SCUEAL. The assignment of the full genome is CRF02_AG but the tool identified it as a G, CRF01_AE, CRF02_AG, A ancestral recombinant.
A.-C. Pineda-Peña et al. / Infection, Genetics and Evolution xxx (2013) In the present study, we compared and described the perfor- 
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Concerning some previous reports that suggested a low perfor-583 mance of REGAv2 compared with other subtyping tools (Holguin 584 et al., 2008; Yebra et al., 2010b) , it is pertinent to add that these 585 discrepancies were almost exclusively due to unassigned reports, 586 and not due to wrong assignments (Yebra et al., 2010b) . The num-587 ber of unassigned sequences was reduced in REGAv3 compared to where correct assignment is more important.
601
One of the aims of the study was to give guidance as to which 602 tool would perform well in a context of HIV-1 surveillance activi-603 ties where the overall prevalence and spread of the epidemic is 604 important to estimate (Hemelaar et al., 2011 was discordance with the pol assignment, as has been reported be-678 fore (Abecasis et al., 2011) . In a joined phylogenetic analysis of all G 679 and CRF14_BG sequences, the CRF14_BG sequences were not 680 monophyletic but were spread among the subtype G sequences, 681 and this was also the case for the LANL full genome CRF14_BG se-682 quences. As a result, and only for the clinical dataset, we pooled We ran 500 sequences with pure subtypes and CRFs five times in different days. Then we calculated the average time.
-We ran 5 times a recombinant, the average time for analysis of 1 sequence is about 1 min for phylogenetic-based tools and seconds for the other tools. subtypes in the pol region (Leitner et al., 1995; Robertson et al., 700 2000) . 701 Other considerations that influences the widespread use of sub-702 typing tools are the operational characteristics (see Table 4 ). For ing (Beerenwinkel et al., 2003) . We included the two most 720 commonly used similarity-based tools, NCBI and Stanford (Rhee 721 et al., 2006; Rozanov et al., 2004) . (Faria et al., 2011; Hue et al., 2011; Jacobs et al., 764 2009; Yebra et al., 2010a) . This comes at the cost of speed, which 765 is determined by the slower of the two tools, the phylogenetic- analysis should be carried out (Ntemgwa et al., 2008) . 
